Introduction
============

CENP-A is a variant of histone H3[@R1] found at the centromere, wherein it replaces its canonical nucleosome counterpart in a significant fraction of the nucleosomes.[@R2] However, unlike canonical nucleosomes, whose structure was firmly established in the 1970s,[@R3] the structure of CENP-A nucleosomes has been at the center of controversy for the past five years. In vitro assembly of both yeast and human CENP-A nucleosomes yields standard octameric structures containing two copies each of CENP-A, H2A, H2B and H4 histones.[@R4]^,^[@R5] Human CENP-A also produces rigidified homotypic CENP-A/H4 tetramers in vitro.[@R6]^,^[@R7] These in vitro studies provide important information about the default state of CENP-A nucleosomes reconstituted in the absence of key biological processes such as mitosis, replication, or transcription, in the absence of the CENP-A chaperone HJURP, and in the absence of key binding partners, such as CENP-C and CENP-N, all of which converge upon centromeric chromatin in vivo. Indeed, a range of non-canonical structures have been documented for CENP-A nucleosomes in vivo, including unstable octamers in *Drosophila*,[@R8]^,^[@R9] hexameric nucleosomes (homotypic tetramer bound to two copies of the chaperone Scm3) in budding yeast,[@R10] right-handed nucleosomes in budding yeast,[@R11] and "hemisomal" tetramers containing one each of CENP-A, H2A, H2B and H4 -in *Drosophila* and human cells.[@R12]^,^[@R13]

How a single histone variant with a conserved function can adopt so many variable structures has baffled researchers. There are several key differences that may contribute to the difference in data gathered. First, in vitro assembly of histones onto DNA performed under typical salt reconstitution conditions, in the absence of the CENP-A chaperone, Holliday junction-recognition protein (HJURP), may favor octamers over other forms. Indeed, in vitro experiments performed with the chaperone Scm3 in yeast, resulted in CENP-A nucleosomes from yeast yielding non-canonical forms.[@R10] Second, the use of N- and C-terminal tags may alter important nucleosomal properties. Third, the use of chemical fixatives such as formaldehyde can severely impact nucleosomal structure. Fourth, it is feasible that differences in nucleosomal stability could present as non-canonical structures. Nevertheless, proposals attempting to reconcile the in vitro and in vivo data have suggested that CENP-A nucleosomes are unstable[@R14] or adopt different structures across the cell cycle.[@R15]^-^[@R17] Spanning almost four decades of chromatin research, no extant data indicates that a nucleosome can adopt different conformations within the same cell in vivo, making the latter model unprecedented and exciting. As discussed later, such proposed structural oscillations have consequences for epigenetic inheritance and for cell division.

In a recent study, we tested the hypothesis that CENP-A nucleosomes change in structure during the cell cycle.[@R18] Native CENP-A and H3 nucleosomes were purified from various points of the human cell cycle, and their dimensions measured using Atomic Force Microscopy (AFM). Nucleosomal heights and volumes reflect conformation, since octamers containing two copies of each histone, are approximately double the height and volumes of tetramers containing only one copy of each histone.[@R12] Unlike H3 nucleosomes, which exist as invariant octamers, our data revealed that native CENP-A nucleosomes adopt a stable tetrameric structure for the majority of the cell cycle, but alter in shape to an octameric structure at the transition from G1/S to S-phase. In G2 phase, CENP-A nucleosomes convert back to tetramers, suggesting that they are structurally flexible. Unexpectedly, the timing of CENP-A conversion from tetramers to octamers coincides with depletion[@R18] of its chaperone, HJURP.[@R19]^,^[@R20] Using an independent approach that couples Fluorescence Correlation Spectroscopy (FCS) to avalanche photodiode (APD)-confocal imaging, a parallel study reported similar oscillations for CENP-A nucleosomes and the HJURP homolog, Scm3, in *S. cerevisiae* and *C. albicans*.[@R21] Thus, these data provide the first glimpse into oscillations that occur within the single-nucleosome context in vivo, and point to a new phenomenon in chromosome biology, which appears to be conserved from yeast to humans, despite the fact that the proteins involved share minimal homology.

This Extra View article provides insights into potential kinetochore and epigenetic components that facilitate structural transitions, and speculates on the interplay between biological processes and CENP-A nucleosomes in vivo.

Single Molecule Microscopy can Distinguish Between CENP-A Octamers and Tetramers in vitro and in vivo
=====================================================================================================

Our recent study utilized AFM to measure the heights of purified native CENP-A nucleosomes[@R18] without artifacts resulting from chemical fixatives, dehydration and cryo-freezing typically associated with Electron Microscopy (EM) and cryo-EM. Thus, AFM is advantageous because it can be performed under gentle conditions, and yet yield a detailed single molecule perspective of native chromatin structures at high resolution.

We first confirmed the default "ground" state of CENP-A nucleosomes, reconstituted in vitro in the absence of any biological processes or chaperones, is octameric. Following standard salt dialysis of histones purified from human cells[@R22] combined with plasmid DNA containing α-satellite arrays, we observed that bulk histones form chromatin arrays packaged with nucleosomes whose sizes were consistent with those of canonical octamers ([Fig. 1](#F1){ref-type="fig"} and [Table 1](#T1){ref-type="table"}). Next, to mimic conditions typically used for in vivo purifications, we gently digested these bulk in vitro arrays with Micrococcal Nuclease (MNase) and immuno-precipitated (IP'ed) CENP-A-containing nucleosomes from the reconstituted mix. Analysis of such in vitro reconstituted CENP-A particles indicated that their sizes corresponded closely to those of canonical octameric nucleosomes ([Fig. 1](#F1){ref-type="fig"} and [Table 1](#T1){ref-type="table"}). These in vitro data are consistent with previous reports suggesting that the octamer is the default structure for CENP-A nucleosomes assembled by salt dialysis.[@R4]^,^[@R5] This experiment also suggests that there is no inherent instability within octameric CENP-A nucleosomes, at least when subjected to experimental conditions such as nuclease digestion, IP or AFM analyses. The logical conclusion from these results is that alternative species observed for native CENP-A nucleosomes in vivo are not likely to be generated from technical artifacts arising during purification or analysis.

![**Figure 1.** Comparing in vitro reconstituted CENP-A nucleosomes to CENP-A nucleosome purified from human cells using AFM. (A) AFM micrographs showing in vitro reconstituted bulk nucleosomes onto plasmids containing α-satellite DNA derived from human centromeres (left), in vitro reconstituted chromatin digested for 1 min with MNase (middle), and IP'ed in vitro reconstituted CENP-A chromatin digested with MNase (right). Scale bar = 10 nm. (B) Graphical representation of AFM measurements comparing in vitro (listed above and [Table 1](#T1){ref-type="table"}) and in vivo samples from Bui et al., 2012. Dotted red line designates nucleosomes of mean octameric heights.](nucl-4-37-g1){#F1}

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------
                       In Vitro Reconstituted Nuclesomes   In Vivo Purified CENP-A Nucleosomes                                                         
  -------------------- ----------------------------------- ------------------------------------- ----------------- ----------------- ----------------- -----------------
                       **Bulk Input**\                     **Input + MNase**\                    **CENP-A IP**\    **G1/S-phase**\   **S-phase**\      **G2/M-phase**\
                       (n)                                 (n)                                   (n)               (n)               (n)               (n)

  **Height (nm)**      **2.5 ± 0.5**\                      **2.5 ± 0.4**\                        **2.45 ± 0.5**\   **1.9 ± 0.28**\   **2.7 ± 0.34**\   **1.8 ± 0.27**\
                       (44)                                (533)                                 (102)             (1372)            (188)             (479)

  **Volume (nm^3^)**   **290 ± 75**\                       **275 ± 65**\                         **257 ± 75**\     **168 ± 33**\     **273 ± 53**\     **198 ± 72**\
                       (44)                                (533)                                 (102)             (1372)            (188)             (479)

  **Diameter (nm)**    **14.6 ± 1.9**\                     **13.2 ± 1.3**\                       **13.3 ± 1.1**\   **12.7 ± 0.8**\   **13.3 ± 1.9**\   **14.6 ± 2.2**\
                       (47)                                (1063)                                (144)             (288)             (246)             (584)
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------

AFM measurements of in vitro reconstituted bulk chromatin (before and after MNase digestion), IP'ed in vitro reconstituted CENP-A chromatin, and native CENP-A chromatin purified from G1/S, S and G2-phase cells.[@R18] Numbers reported are mean values, standard deviations and sample size (n).

We next examined CENP-A purified from human cells at early G1, G1/S, S, and G2 phases. In contrast to the single form of CENP-A nucleosomes observed in vitro, the in vivo data demonstrate that while CENP-A nucleosomes are octamers from late G1/S to late S-phase, they present a tetrameric conformation at all other points of the cell cycle[@R18] (recapitulated in [Figure 1B](#F1){ref-type="fig"} and [Table 1](#T1){ref-type="table"}). Further evidence supporting the altered shape includes the DNA length associated with CENP-A nucleosomes elongating from \~110bp to the canonical 150bp at S-phase, and increases in intra-nucleosomal interactions between tagged and endogenous copies of CENP-A histones during early S-phase. Immunofluorescence (IF) performed on centromeric chromatin fibers demonstrates a strong correlation between HJURP depletion and the formation of stable CENP-A octamers in the G1/S to S-phase transition, suggesting a provocative causal link between HJURP loss and CENP-A octamer formation. G1/S also marks a transition within CENP-A histones by the appearance of acetylation at K124 in its Histone Fold Domain (HFD).[@R18] Furthermore, inter-nucleosomal Forster Resonance Energy Transfer (FRET) measurements indicate that chromatin fibers at centromeres convert from a closed to opened state at the G1/S to S transition.[@R18] In sum, the G1/S to S, and S to G2 phase transitions appear to be critical for CENP-A structural conversions. Three questions emerge from this study: (1) how do CENP-A nucleosomes interconvert between two (or more) conformations in vivo? (2) which cell cycle related factors are responsible for the interconversion specifically at the G1/S to S, and S to G2 transitions? and (3) do CENP-A nucleosomal oscillations serve a biological purpose?

Factors that Control Interconversion between Different Conformations of the CENP-A Nucleosome in vivo
=====================================================================================================

There are several mechanisms by which tetramers and octamers can be envisioned to interconvert in vivo*.* The simplest hypothesis is that CENP-A undergoes incomplete assembly as a hemisomal tetramer in early G1, whereas stable octamer formation requires a subsequent "maturation" step during G1/S. This explanation would appear to be the most parsimonious based on the following results. The presence of HJURP/Scm3 at centromeric chromatin coincides with the presence of CENP-A hemisomes.[@R18]^,^[@R21] The implication of this result is that either HJURP stabilizes the tetramer, or that HJURP must be evicted in order for CENP-A octamers to form, because HJURP competes for the four-helix bundle, presenting a steric challenge for the second copy of CENP-A in the octamer. The most likely candidate to enforce eviction is CENP-C, because this protein has dual binding abilities: it binds the linker DNA between centromeric nucleosomes[@R23] and also directly interacts with CENP-A's C-terminus.[@R24] Thus, repositioning of CENP-C to the C-terminus of CENP-A might displace HJURP from CENP-A and from linker DNA ([Fig. 2](#F2){ref-type="fig"}). CENP-N interacts with CENP-A independent of CENP-C[@R25] and stably associates with kinetochores in S and G2-phase.[@R26] Thus, synergistic action between these two key interacting partners of CENP-A, serving as a "cap and tail" complex, may promote CENP-A octamer stability. We have observed that HJURP is depleted from centromeres at the G1/S to S-phase transition, and remains depleted until the next G2 phase. How is HJURP sequestered away from centromeres until replication is complete? One plausible explanation relates to the finding that a residue in the α1 helix of CENP-A, Serine 68 (S68), specifically interacts with HJURP.[@R27] When CENP-A S68 is replaced by glutamine (S68Q), the bulky residue creates a steric clash in the hydrophobic pocket of HJURP, disrupting the interaction between CENP-A and HJURP.[@R27] A contrasting study, however, concluded that HJURP recognition is solely dependent on CENP-A's centromere-targeting domain (CATD).[@R28] Nevertheless, a speculative mechanism whereby HJURP/CENP-A interactions may remain disrupted is if CENP-A's S68 is phosphorylated from G1/S through early G2, thus inhibiting HJURP binding. Although human CENP-A nucleosomes do coalesce into octamers at early S phase,[@R18] CENP-A octamers in yeast are susceptible to pulling forces in vitro.[@R8] Thus, the force applied by advancing DNA polymerases or gyrases during replication may be sufficient to disrupt the four-helix-bundle within the CENP-A octamer. We speculate that concomitant displacement of HJURP,[@R18] potentially by phosphorylating S68, repositioning of CENP-C and CENP-N,[@R24] along with S/G2-phase-dependent complexes containing Cdc20[@R29] and Cdk2[@R30] stabilize CENP-A octamers during S-phase, whereas replication-fork mediated splitting of CENP-A nucleosomes subsequently allows HJURP to recycle "old" CENP-A back as hemisomes onto newly replicated daughter strands at early G2.

![**Figure 2.** A model depicting dynamic CENP-A-kinetochore protein interactions, CENP-A histone modifications and nucleosomal interconversion across the cell cycle. Lightened HJURP and CENP-C proteins signify eviction and repositioning, respectively. K124ac = CENP-A acetylated at K124 and ph = potential phosphorylation of CENP-A S68.](nucl-4-37-g2){#F2}

A second plausible mechanism relates to histone stability. Native CENP-A ChIP studies have previously isolated HDAC1, a histone deacetylase.[@R31] Given our recent report of acetylations within the HFD of CENP-A (K124ac) and histone H4 (K79ac) at G1/S,[@R18] it is possible that centromere-bound HDAC1 removes the acetylation in subsequent phases of the cell cycle ([Fig. 2](#F2){ref-type="fig"}). About half of the CENP-A residues within the HFD are shared with canonical histone H3 (\~43% identity). CENP-A K124 is found within the α3 helix, and this residue is conserved with canonical histone H3K122. H3K122 is located at the histone-DNA dyad, is also acetylated, and reported to destabilize DNA-histone interactions which can affect nucleosome stability.[@R32] It is possible that acetylation within the HFD of CENP-A plays a structural role, modulating the stability of the CENP-A octamer. With the availability of more advanced proteomic and genetic tools, there is no doubt that more modifications will be discovered and their functions investigated within the context of CENP-A dynamics.

A third mechanism driving oscillations might rely on centromeric DNA transcription. The α-thalassaemia mental retardation X-linked protein (ATRX) is a chromatin remodeler and, in conjunction with Death domain associated protein (DAXX), serves as a chaperone for the transcription-coupled histone variant H3.3.[@R33]^,^[@R34] ATRX is capable of forming large complexes to regulate transcription[@R35]^,^[@R36] and to facilitate heterochromatin formation at centromeres.[@R37] H3.3 is loaded to centromeres during S phase, as a potential "gap holder" for CENP-A.[@R38] ATRX/DAXX-mediated H3.3 assembly at centromeres presumably also relies on transcription, without which H3.3 would be unable to compete with replication-coupled deposition of H3.1. Chromatin remodelers also likely participate in CENP-A dynamics in vivo. For example, the remodeling and spacing factor 1 (RSF1) is present at centromeres during mid-G1, and its activity is required for CENP-A inheritance through the following S phase.[@R39] Chromatin remodeling, or transcription, in G2-phase may play a role in evicting the gap-holder H3.3 to allow HJURP to re-deposit CENP-A in advance of the next mitosis. Additional chromatin remodelers that may contribute to centromeric remodeling include nucleophosmin1 (NPM1), which associates with CENP-A,[@R20] and has dual functions as a remodeler and as a histone chaperone.[@R40]

Biological Significance of CENP-A Nucleosomal Oscillations
==========================================================

How do histones get inherited through replication? Semi-conservative chromatin inheritance, similar to that seen for DNA after replication, was proposed nearly 30 years ago.[@R41] This model was ingenious since it provided a mechanism by which the chromatin state that defined a particular locus could be inherited by both daughter strands, thus preserving epigenetic information into the next generation. This model was controversial since it required splitting of the four-helix bundle at the heart of octamers, and has since proven incorrect for the vast majority of replication-coupled H3.1 nucleosomes. However, a recent discovery has resurrected it for histone variants. SILAC-tracking demonstrates that a quarter of transcriptionally-coupled histone variant H3.3 nucleosomes follow a semi-conservative inheritance pattern, presumably arising from H3.3 nucleosomes splitting at the replication fork, so that each daughter strand receives one copy of "old" H3.3.[@R42]

It is unknown if other histone variants also mark chromatin in a semi-conservative fashion after replication. In the case of CENP-A, it is not known how it is re-deposited after the replication fork passes through centromeric chromatin, because its chaperone HJURP does not appear to return until G2.[@R18] CENP-A re-deposition either relies on other assembly factors more intimately tied to the replication fork (such as CAF-1), or, as noted above, H3.3 serves as a place-holder until "old" CENP-A can be recycled to the centromere before the next mitosis.[@R38] H3.3 is transcription coupled, making its assembly at centromeres during replication intriguing in the absence of RNA polymerase activity. How HJURP is able to distinguish H3.3-diluted centromeric chromatin from H3.3 chromatin elsewhere in the genome also remains mysterious. However, if CENP-A nucleosomes split at the replication fork, then a plausible biological role for hemisomes is to segregate one copy of "old" CENP-A to each daughter strand, thus re-establishing centromeric domains. The transition back to CENP-A hemisomes in G2 may also allow better accessibility to previously reported mitotic interacting partners which require access to the internal domains of CENP-A.[@R19]^,^[@R20]^,^[@R43]^,^[@R44]

Conclusions
===========

Although we do not yet know the mechanism whereby CENP-A nucleosomes change shape or alter stability across the cell cycle, it is likely that structural conversions rely on a number of factors, such as protein modifiers, chromatin remodelers, transcriptional regulators, and chaperones. Here, we propose three plausible models that may facilitate the interconversion between CENP-A tetrameric and octameric states: (1) depletion of HJURP and repositioning of CENP-C and CENP-N "capping and tailing" CENP-A octamers during S-phase, (2) post-translational histone modifications that destabilize the interaction at the DNA-histone dyad interface in the octamer and 3) cell-cycle coupled centromeric chromatin remodelers which facilitate structural changes ([Fig. 2](#F2){ref-type="fig"}). Whether any, or all, of these mechanisms are responsible for the flexibility seen within CENP-A nucleosomes will be exciting to investigate. The split personality of CENP-A[@R45] suggests that it is cyclically torn between its traditional and unconventional forms, both of which are crucial for its dual role as a seminal player in mitosis, and as a marker for epigenetic inheritance of centromeres.

M.B., M.W. and Y.D. are supported by the CCR/NCI Intramural Research Program, E.K.D. is supported by the NIBIB Intramural Research Program. We thank Delphine Quenet for comments on the manuscript.

Previously published online: [www.landesbioscience.com/journals/nucleus/article/23588](http://www.landesbioscience.com/journals/nucleus/article/23588/)

BuiMDimitriadisEKHoischenCAnEQuénetDGiebeS Cell-cycle-dependent structural transitions in the human CENP-A nucleosome in vivo Cell 2012 150 317 26 10.1016/j.cell.2012.05.035
